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Abstract: In order to ensure that appropriate tempering conditions are used to obtain desired 
strength and toughness for low carbon low alloy quench and tempered (Q&T) steel plates in a 
range of thickness, it is desirable to be able to predict the effect of composition and tempering 
conditions (time and temperature) on the microstructure and hence the hardness evolution for 
these steels. In this paper, carbide precipitation and coarsening behaviour in three low carbon 
low alloy Q&T steels have been investigated during tempering at 600 °C up to 16 hours to 
determine the role of alloying additions of Mo, V, Cr and Si. It has been found that auto-
tempering occurs during water quenching with ε’-carbide and cementite being present within 
the martensite laths for all three steels. In the Base steel, cementite becomes the stable second 
phase after 2 hours tempering and has an elliptical (sometimes spherical) shape, which 
coarsens with time during tempering from 2 hrs to 16 hrs. However, in the Base-Mo-V and 
Base-Cr-Mo-V-Si steels, elliptical and needle-shaped cementite (shown to contain Mn, Mo 
and Cr) both exist during tempering; furthermore, finer elliptical secondary Mo-V-rich 
carbides are observed after tempering for 4 hrs. The coarsening of cementite contributing to 
the softening process in the three steels has been quantified with, most significantly, the inter- 
and intra-lath carbides coarsening independently. Although fine secondary alloy carbides are 
observed after 4 hours tempering, they do not result in any noticeable secondary hardening 
peak in the Base-Mo-V and Base-Cr-Mo-V-Si steels.  
Introduction 
Quenched and tempered (Q&T) steels, which normally have a relatively low carbon content 
and also contain alloying elements such as Mn, Mo and Cr, are widely used in applications 
such as cranes and earth movers, due to their desirable mechanical properties combining high 
strength and good toughness. Lath martensite normally forms during quenching with the 
occurrence of auto-tempering due to the low carbon and alloying contents resulting in high 
Ms temperatures [1-4]. Cementite is observed as the predominant as-quenched carbide in low 
carbon alloyed steels with relatively high Ms temperatures (>400 °C) [2, 4], e.g. observed in 
agitated water quenched Fe-0.16C-1.49Mn-0.27Si-0.28Cr-0.048Nb-0.0044V-0.0046Al steel 
[4]. Whereas, close-packed hexagonal ɛ-carbides, proposed by Jack using powder diffraction 
patterns [5], or ɛ’-carbides with orthorhombic symmetry, named by Taylor [6] with the 
carbide being partially ordered, have been identified within the laths during quenching for 
steels with relatively lower Ms temperatures [1, 3], such as after oil quenching of AISI 4340 
steel where Ms is approximately 304 °C [3]. 
Carbide evolution for low carbon low alloy Q&T steels during tempering can be identified as 
having the following stages: Firstly, transition iron carbides (either ɛ-carbides or ɛ’-carbides) 
form, where the initial temperature for their formation can be observed at temperatures as low 
as 80 °C [7, 8]. Secondly, with an increase of tempering temperature (over a wide range of 
temperatures from 200 °C to 350 °C [9]) and time, the transformation from ε/ε’-carbides to 
cementite occurs, where cementite initially has a high aspect ratio (8 - 10) [9-11]. In the 
tempering temperature range 400 - 700 °C, cementite particles undergo a spheroidisation and 
coarsening process [10, 12], where the lath structure can still be observed during the early 
stage of tempering [13, 14], resulting in a continuous decrease of hardness during tempering 
[15]. The rate of coarsening for cementite is influenced by the alloying elements present. The 
carbide-forming substitutional elements, e.g. Mn, Mo, V and Cr, can partition into cementite 
at higher temperatures resulting in a retardation of coarsening [3, 16, 17]. Si, a non-carbide-
forming element, can delay the transformation from ε/ε’-carbides to cementite, stabilise 
cementite with a fine plate-like structure to high temperatures [10] and delay cementite 
coarsening [16] with the formation of a Si-enriched layer at the cementite/ferrite interface, 
reducing the flux of carbon available for cementite coarsening [9, 16, 18]. Cementite tends to 
be located on the martensite lath boundaries with a relatively larger volume fraction than in 
the laths [12, 19, 20], and coarsening of inter-lath cementite is quicker than that for intra-lath 
cementite due to faster solute boundary diffusion [20-22]. Finally, with strong carbide-
forming alloying elements (e.g. Mo, Cr, V) added in steels, stable alloy carbides with 
substantially higher enthalpies of formation are promoted, which retain a smaller size than 
cementite even during prolonged tempering. Most work on alloy carbides has been carried 
out on highly alloyed steels, e.g. 2.25 Cr-1 Mo and 9 Cr-1 Mo grades [23-25]. In these, M2C 
carbides are the next type of carbides to form after cementite precipitation in Cr-Mo steels or 
Cr-Mo-V steels with a high bulk Mo/V ratio during the early stage of tempering [23, 24], 
which, depending on composition, can be followed by M7C3, M23C6 and M6C to give 
secondary hardening. M2C carbides have been reported after tempering for 1 hr at 600 °C and 
persist after tempering for 100 hrs at 600 °C in a Fe-0.6Cr-0.5Mo steel [23]. However, the 
effect of lower alloying element levels in Q&T steels still requires elucidation. 
The purpose of this investigation is to study the carbide precipitation and coarsening 
behaviours in three low carbon low alloy S690 steels with different additions of Mo, V, Cr 
and Si to understand the hardness changes during the early stage of tempering (up to 16 hrs) 
at 600 °C. 
Materials and methods 
Three laboratory produced Q&T steel plates were supplied by Tata Steel (UK) that were hot 
rolled to ~35 mm thickness and air cooled, with the chemical compositions given in Table 1. 
Samples measuring 15 × 20 × 20 mm (15mm through thickness) were re-austenitised at 925 
°C for 1 hour and then quenched into room temperature water, to produce a lath martensitic 
microstructure. Quenched samples were tempered for 2 hrs, 4 hrs, 8 hrs and 16 hrs at 600 °C 
to investigate the carbide evolution and coarsening behaviours for the three steels.  
The microstructures and particle compositions were examined by scanning electron 
microscopy (SEM) in a Jeol 7000 system, transmission electron microscopy (TEM) using a 
Jeol 2100 system and scanning transmission electron microscopy (STEM) using FEI Tecnai 
F20 and FEI Talos F220X systems. Bright field (BF) images were used to observe the 
morphology of the carbides; dark field (DF) images and selected area diffraction (SAD) 
patterns were used to confirm the carbide type. Convergent beam electron diffraction 
(CBED) patterns were used to calculate the thickness of thin foil specimens to determine the 
number density for very fine particles which are not resolvable in SEM images. High angle 
annular dark field STEM (HAADF-STEM) imaging with energy dispersive X-ray 
spectroscopy (EDS) was utilised to ascertain the carbide compositions. SEM samples were 
polished to an PO-S finish and lightly etched in 2% nital. Thin foil specimens used for TEM 
observation were cut from the mid-thickness position of the as-quenched and selected 
tempered samples, then ground with silicon carbide papers (grit no. 400-800-1200) to 
approximately 70-80 μm thickness, followed by twin jet electro-polishing with a 5 vol. % 
perchloric acid and 95 vol. % acetic acid solution at room temperature using 50 - 60 V 
potential giving a 0.16 - 0.18 A polishing current. Carbon replica specimens used for the 
carbide composition measurements were prepared from the etched SEM samples. A carbon 
film around 20 - 30 nm (colour grey-brown) was deposited on the etched sample surface, 
which was then scored into squares (around 2 × 2 mm2) with a sharp razor blade. The squares 
of carbon film were removed from the sample surface by electrochemical etching using a 
solution of 5 % HCl in methanol at 3 volts potential, and were then washed in methanol 
followed by distilled water. Finally, the carbon film squares were removed from the distilled 
water and mounted on copper grids for TEM examination. Axiovision 4.6.3 image analysis 
software was used to obtain the particle size (length, width or radius), distributions, number 
densities and volume fractions and particle separations from SEM or TEM images 
(approximately 1000 particles measured for each condition assessed). 
XRD measurements were carried out using a PANanlytical Empyrean XRD instrument with a 
cobalt target (wavelength λ=1.78901Å) to determine the lattice parameters for the three steels 
in the as-quenched condition and after tempering in order to estimate the amount of carbon 
retained in solid solution. XRD data were recorded in the 2θ range from 45° to 128° with a 
scanning time of 0.5 hour. 
Vickers macro hardness (load 20 kg) testing was used to measure sample hardness, where 25 
indents were taken for each sample. Indents were taken 3 mm away from the sample edge to 
avoid any decarburisation from the heat treatments. 
Table 1. The chemical composition and predicted Ms temperature (using the Steven and Haynes equation [26]) 
for the low carbon low alloy Q&T steels [wt%] 
Name C Si Mn P S Cr Mo Al N Nb Ti V B 
Predicted Ms 
temperature/°C  
Base 0.17 0.29 1.2 0.015 0.002 - - 0.03 0.004 0.03 0.024 - 0.0025 426 
Base-Mo-V 0.17 0.28 1.2 0.015 0.002 - 0.5 0.03 0.004 0.03 0.026 0.05 0.0025 423 
Base-Cr-Mo-V-Si 0.17 1.24 1.2 0.016 0.002 0.8 0.5 0.04 0.006 0.03 0.027 0.05 0.0025 405 
 
Results 
(1) The occurrence of auto-tempering during quenching 
All three steels showed an as-quenched lath martensite structure, Figure 1; they also all 
contained elongated, auto-tempered carbides (detailed coverage below), Figure 2, consistent 
with the high Ms temperatures (> 400 °C, Table 1). Determination of the zone axis and 
indices of the in-plane normal to the long axis of the plate / needle-shaped precipitates in the 
as-quenched condition has been used to construct the great circles of potential habit planes to 
confirm the type of as-quenched carbides present. These great circles form two groups; the 
first has a common intersection around the {012}α pole, which would be consistent with ɛ’-
carbides [6], whilst the second group intersects around the {011}α pole - a common habit 
plane for cementite [27-29], Figure 3, indicating the formation of cementite and ɛ’-carbides 
within the martensite laths during quenching in the three steels. As cementite and ε/ɛ’-carbide 
align along <110>α and <100>α respectively when the electron beam coincides with the 
<001>α direction [28, 30, 31], the relative amounts of cementite and ɛ’-carbide can be 
determined, Figure 4. In the Base and Base-Mo-V steels, cementite particles are the 
predominant as-quenched carbides with few ɛ’-carbides retained after auto-tempering; 
however, in the Base-Cr-Mo-V-Si steel, it has been found that ɛ’-carbides occupy a larger 
number percentage compared to cementite. 
(a)  (b)  
             (c)  
Figure 1. SEM images showing as-quenched carbides present in the martensite laths: (a) Base steel; (b) Base-
Mo-V steel; (c) Base-Cr-Si-Mo-V steel. 
(a)  (b)  
 (c)  
Figure 2. TEM images (<001>α beam direction with in-plane directions on each image) showing needle / plate-
shaped carbides present within the as-quenched martensite laths from <001>α beam direction: (a) Base steel; (b) 
Base-Mo-V steel; (c) Base-Cr-Mo-V-Si steel. The black arrows indicate cementite, whereas the white arrows 
indicate ɛ’-carbide.  
(a) (b)  
(c)  
Figure 3. Stereograms indicating the habit planes for the auto-tempered carbides formed during quenching for 
the three steels: (a) Base steel; (b) Base-Mo-V steel;(c) Base-Cr-Mo-V-Si steel. The intersections A and B in the 
stereograms refer to {012}α and {011}α poles respectively.  
 Figure 4. The number percentages of cementite and ε’-carbide in the as-quenched condition in the three steels.  
As the martensitic matrix has auto-tempered, the matrix would be expected to be more body 
centred cubic than body centred tetragonal. The lattice parameter-alloying compositions 
equation (Equation (1)), derived by Bhadeshia [32] for bcc ferrite, has been used to determine 
the amount of carbon retained in solid solution after water quenching:  
aBCC = 0.28664 + (3aFe2)-1 × [(aFe - 0.0279xCα)2(aFe + 0.2496xCα) - aFe3] - 0.003xSiα + 
0.006xMnα + 0.007xNiα + 0.031xMoα+0.005xCrα+0.0096xVα 
(1) 
Where aBCC is the measured lattice parameter in the three steels, Table 2, aFe is the lattice 
parameter of pure ferrite (0.28664 nm [33]); xiα represents the mole fraction of species i in 
solution in the matrix. The amount of carbon trapped in solid solution after quenching in the 
Base and Base-Mo-V steels is similar, Table 2, which is slightly lower than that in the Base-
Cr-Mo-V-Si steel consistent with the effect of Si in slowing down carbon diffusion to form 
carbides during auto-tempering. In addition, the retained carbon content after tempering for 2 
hrs in the Base steel has been assessed to be 0.04 wt %, which is much smaller than that in 
the as-quenched condition, Table 2.  
 
 
 
 
Table 2. Lattice parameters and retained carbon contents in the matrix for the three steels 
 
Lattice parameter/nm 
Carbon content in the matrix 
(/weight percentage) 
Base (As-quenched) 0.28702 0.11 
Base-Mo-V (As-quenched) 0.28712 0.11 
Base-Cr-Mo-V-Si- (As-quenched) 0.28717 0.13 
Base (2hrs) 0.28679 0.04 
Base-equilibrium (Thermo-Calc) - 0.03 
 
(2) Carbide precipitation and coarsening during tempering at 600 °C 
As shown in Figure 5, the inter- and intra-lath carbides (arrowed) are elliptical or even 
spherical in shape in the Base steel when tempering from 2 hrs to 16 hrs at 600 °C, where the 
inter-lath carbides constitute most of the carbide volume fraction, Figure 6. These elliptical 
carbides are consistent with cementite (equilibrium carbide in this steel predicted by Thermo-
Calc) [34]. The measured cementite volume fraction from SEM images (where a slight 
overestimation may be expected due to the etching effect) is consistent with the equilibrium 
value (2.5 %) in the samples tempered from 2 hrs onwards, Table 3, indicating the occurrence 
of Ostwald ripening for cementite confirmed as its size increases [34]. As the volume 
fractions for inter- and intra-lath cementite keep approximately constant with time, whereas 
the number density of both decreases with time, Figure 6, the coarsening of inter-lath 
cementite occurs independently from that of intra-lath cementite. 
However, in the Base-Mo-V and Base-Cr-Mo-V-Si steels, not only the comparatively large 
elliptical inter- and intra-lath carbides (yellow arrowed), but also fine needle-shaped and even 
finer elliptical carbides (red arrowed) exist within the laths during tempering from 2 hrs to 16 
hrs at 600 °C, Figure 7. The large elliptical carbides, which are confirmed as cementite, 
Figure 8 and Figure 9, account for nearly all the carbide volume fraction. In addition, the 
volume fractions for the large elliptical cementite keep approximately constant with 
tempering time in the two steels, Table 3, and are similar to the Base steel. The inter-lath 
cementite constitutes most of the elliptical cementite volume fraction with a constant value, 
whereas the number density decreases with time, Figure 6, which again indicates that 
coarsening of the inter-lath cementite takes place independently from that of the intra-lath 
cementite.  
(a)  (b)  
  (c)  (d)  
Figure 5. The morphology of carbides after tempering at 600 °C for different times in the Base steel: (a-SEM/c-
TEM) 2 hrs; (b-SEM/d-TEM) 16 hrs. 
(a)  
(b)  
Figure 6. Volume fraction (a) and number density (b) for the elliptical inter- and intra-lath cementite in the three 
steels during tempering from 2 hrs to 16 hrs at 600 °C (SEM measurements). 
 
 
Table 3. The elliptical cementite volume fractions in the three steels tempered from 2 hrs to 16 hrs at 600 °C 
 2 hrs/ % 4 hrs/ % 8 hrs/ % 16 hrs/ % 
Base 2.9±0.3 3.0±0.5 3.0±0.5 2.8±0.4 
Base-Mo-V 2.9±0.4 2.9±0.3 2.8±0.3 3.1±0.5 
Base-Cr-Mo-V-Si 3.0±0.6 3.1±0.4 2.8±0.2 3.0±0.3 
 
(a)  (b)  
(c)  (d)  
(e)  (f)  
(g)  (h)  
     (i)  
Figure 7. The morphology of carbides after tempering at 600 °C for different times in the Base-Mo-V (a-
SEM/e-TEM) 2 hrs, (f-TEM) 4 hrs, (b-SEM/g-TEM)16 hrs and Base-Cr-Mo-V-Si steels (c-SEM/h-TEM) 2hrs, 
(d-SEM/i-TEM) 16 hrs. The yellow arrows indicate the relatively large inter- / intra-lath cementite, and the red 
arrows indicate the needle-shaped carbides and finer elliptical carbides within the laths in the two steels. 
(a) (b)  
                (c) (d)  
Figure 8. Characterisation of elliptical carbides after tempering for 2 hrs at 600 °C in the Base-Mo-V steel: (a) 
Bright field image of a typical elliptical carbide; (b) SAD pattern for the particle consistent with the [212] zone 
axis of cementite as shown in (d); (c) Dark field image with the diffracted spot (arrowed in (b)) selected. 
(a) (b)  
                 (c)  (d)  
Figure 9. Characterisation of elliptical carbides after tempering for 2 hrs at 600 °C in the Base-Cr-Mo-V-Si 
steel: (a) Bright field image of a typical elliptical carbide; (b) SAD pattern for the particle consistent with the 
[00-1] zone axis of cementite as shown in (d); (c) Dark field image of the elliptical carbide with the diffracted 
spot (arrowed in (b)) selected. 
The carbide-forming elements can enrich cementite during tempering at relatively high 
temperatures [3, 16, 17], thus, the chemical compositions for the large elliptical cementite 
particles in the three steels have been measured and compared with Thermo-Calc 
calculations, Figures 10 - 12 and Table 4. In the Base steel, the equilibrium carbide is 
predicted to be cementite, whereas cementite and M2C carbide are predicted as the pseudo-
equilibrium carbides in the Base-Mo-V and Base-Cr-Mo-V-Si steels. In order to consistently 
check the substitutional element contents in different carbides / matrix, the substitutional 
element M (M= Mn, Mo, V and Cr) to Fe ratio YM is used as defined in Equation (2): 
YM= wt (M) / wt (Fe) (2) 
Where wt (M) and wt (Fe) are the weight percentages of M and Fe respectively from the EDS 
measurements. As listed in Table 4, the substitutional elements, such as Mn, Mo, Cr and V, 
enrich the elliptical cementite particles in the three steels during tempering at 600 °C, as 
reported in other systems [3, 16, 17], which is approximately consistent with the Thermo-
Calc prediction in that clear enrichment of Mn, Mo and Cr is seen. The values are lower than 
predicted for the major elements of Mn and Cr which may be due to experimental errors 
and/or insufficient time for the equilibrium levels to be reached. However, the presence of the 
alloying elements in the cementite particles means that it is their diffusion which will 
dominate the coarsening of the elliptical inter- / intra-lath cementite. Si is depleted in 
cementite and partitioned into the matrix, as no or a very weak peak is found in the EDS 
spectra for cementite particles, which agrees well with reports in the literature for Si-enriched 
steels, e.g. Fe-0.6C-2Si steel [16].  
(a)  
(b)  
Figure 10. The chemical compositions for cementite and the ferrite matrix in the Base steel after tempering for 2 
hrs from EDS measurements using a thin foil specimen: (a) the morphology of the selected particle and matrix 
for EDX measurements; (b) EDX spectra for the cementite particle and ferrite matrix. 
(a)  
(b)  
Figure 11. The chemical composition for cementite in the Base-Mo-V steel after tempering for 2 hrs from EDS 
measurements using a carbon replica specimen: (a) the morphology of the selected particles for EDX 
measurements; (b) EDX spectra for the fine needle-shaped particle (Area 1) and elliptical cementite particle 
(Area 4). 
(a)  
(b)  
Figure 12. The chemical composition for cementite in the Base-Cr-Mo-V-Si steel after tempering for 2 hrs from 
EDS measurements using a carbon replica specimen: (a) the morphology of the selected particles for EDX 
measurements; (b) EDX spectra for the elliptical cementite particle (Area 1) and fine needle-shaped particle 
(Area 2). 
 
 
 
Table 4. The M to Fe ratio YM (M = Mn, Cr, Mo and V) for different particles and the ferrite matrix in Figure 10 
- Figure 12 from the EDS measurements in the three steels after tempering for 2 hrs at 600 °C and compared 
with the Thermo-Calc prediction 
 YMn YMo YV YCr 
Base - elliptical cementite particle  0.14 - - - 
Base - matrix  0.01 - - - 
Base-equilibrium cementite (Thermo-Calc) 0.19    
Base-Mo-V - elliptical cementite particle  0.09 0.02 0.01 - 
Base-Mo-V - fine needle-shape particle  0.11 0.02 0.01 - 
Base-Mo-V-pseudo-equilibrium cementite (Thermo-Calc) 0.17 0.01 0.00  
Base-Cr-Mo-V-Si - elliptical cementite particle  0.09 0.03 0.01 0.08 
Base-Cr-Mo-V-Si - fine needle-shaped particle  0.11 0.04 0.01 0.11 
Base-Cr-Mo-V-Si-pseudo-equilibrium cementite (Thermo-Calc) 0.17 0.03 0.00 0.29 
 
In addition, very fine carbides, including needle-shaped and elliptical-shaped carbides 
(arrowed in Figure 7), also appear within the martensite laths in the Base-Mo-V and Base-Cr-
Mo-V-Si steels during tempering from 2 hrs to 16 hrs at 600 °C, although they are not seen in 
the Base steel. The number density variation for these fine carbides in the two steels is shown 
in Figure 13. The number density initially decreases during tempering from 0 hr to 2 hrs, and 
the fine needle-shaped carbides present after tempering for 2 hrs are consistent with being 
cementite, as their chemical composition is very similar to that for the elliptical cementite, 
Figure 11, Figure 12 and Table 4. Besides, no alloy carbides (such as M2C type Mo-rich 
carbides) are detected in the two steels in the 2 hour tempered condition. However, with the 
tempering time extending from 2 hrs to 4 hrs, the number density of fine carbides increases in 
the two steels, Figure 13, indicating precipitation of secondary hardening alloy carbides, as 
the number density attributed to fine needle-shaped cementite should decrease with time as 
coarsening progresses. An additional distribution of finer elliptical alloy carbides are 
observed in the TEM samples after tempering for 4 hrs, whose chemical composition is 
obviously different from that for cementite: the YMo and YV values in these finer elliptical 
carbides are several hundreds of times larger than those in cementite, Figure 14 and Table 5. 
Actually, the measured YMo, YV and YMn in these finer elliptical alloy carbides are quite 
different from the predicted composition for the pseudo-equilibrium M2C carbides (Thermo-
Calc), predominantly due to the precipitation of these finer elliptical alloy carbides not 
achieving the pseudo-equilibrium condition after tempering for 4 hrs in the two steels. This 
additional set of carbides explains the increase in number density observed for fine carbides 
tempered from 2 hrs to 4 hrs in Figure 13 and are expected to be Mo-V-rich M2C carbides, as 
M2C carbides have been reported to form after cementite in a Fe-0.6Cr-0.5Mo steel [23] or 
Cr-Mo-V steels with low V/Mo ratio (< 0.17) [24] during the early stage of tempering. As the 
tempering time increases from 4 hrs to 16 hrs, the number density for the fine carbides 
decreases, indicating the continuous dissolution of fine needle-shaped cementite as cementite 
coarsening proceeds and the gradual growth of the secondary alloy carbides in the two steels. 
The number density of fine carbides in Base-Cr-Mo-V-Si steel is slightly higher than in Base-
Mo-V steel, Figure 13, consistent with the higher content of Si retarding the dissolution of the 
needle-shaped cementite. 
 
Figure 13. The number density variation for very fine carbides (including needle-shaped and finer elliptical 
carbides) in the Base-Mo-V and Base-Cr-Mo-V-Si steels (TEM measurements). 
(a) (b)  
(c)  
Figure 14. The chemical composition for secondary alloy carbide in the Base-Mo-V steel after tempering for 4 
hrs from EDS measurements using a carbon replica specimen: (a), (b) the morphology of the selected particle 
for EDX measurements; (c) EDX spectrum for the finer elliptical carbide. 
Table 5. The M (Mn, Mo and V) to Fe ratio YM for the analysed carbide in Figure 14 in the Base-Mo-V steel 
after tempering for 4 hrs at 600 °C and compared with the Thermo-Calc prediction 
 YMn YMo YV 
Base-Mo-V- finer elliptical particle  0.08 14.75 2.13 
Base-Mo-V-pseudo-equilibrium M2C carbide (Thermo-Calc) 7.07 55.96 3.04 
 
Discussion 
Auto-tempering occurs in the three steels during water quenching, where cementite and ε’-
carbide are both observed, in contrast with some reports for these grades [1-4]. In the Base 
and Base-Mo-V steels, the dominant as-quenched carbide is cementite. As the carbon 
diffusion distance has been estimated to be 90 nm for cooling from the ɛ’-carbide formation 
temperature [34], it is feasible for cementite to form on the pre-existing ɛ’-carbides, which is 
consistent with the measured carbide spacing of approximately 100±50 nm in the two steels. 
The formation of cementite can be significantly suppressed with Si contents exceeding 1.4 wt 
% in steels [9], and it has been found that, in the Base-Cr-Mo-V-Si steel, ɛ’-carbide is the 
predominant as-quenched carbide, Figure 4, which is consistent with the extra addition of Si 
delaying the transformation from ɛ’-carbide to cementite during auto-tempering [10]. The 
retained carbon contents in the Base and Base-Mo-V steels remain constant after water 
quenching, Table 2, resulting in a similar hardness in the as-quenched condition for the two 
steels (458±12 HV for the Base steel, 454±11 HV for the Base-Mo-V steel). However, a 
slightly higher retained carbon content as well as alloying contents (such as Cr and Si) are 
present in the Base-Cr-Mo-V-Si steel, which leads to a little bit higher as-quenched hardness 
being observed (471±12 HV) in this steel. Therefore, it is expected that carbon will continue 
to come out of solid solution in the three steels, probably diffusing to pre-existing carbides 
causing growth, during tempering from 0 hr to 2 hrs at 600 °C. In the Base steel, the retained 
carbon content in solid solution decreases on tempering from 0 hr to 2 hrs and nearly 
achieves the equilibrium carbon content after tempering for 2 hrs, Table 2. The reduction of 
retained carbon content is predicted to lead to an approximately 200 HV hardness decrease 
based on the hardness - carbon content relationship [35] as carbon significantly contributes to 
solid solution strengthening. This is consistent with the significant hardness drop measured 
for the Base steel tempered from 0 hr to 2 hrs, where the hardness changes from 458±12 HV 
(as-quenched condition) to 263±3 HV (after tempering for 2 hrs). 
In the Base steel, Ostwald ripening of cementite occurs as the carbide sizes increase (Figure 
15) during tempering from 2 hrs to 16 hrs, where coarsening of inter-lath cementite with a 
larger size takes place independently from that of intra-lath cementite. Therefore, the solute 
diffusion in this steel is either along the lath boundary or through the bulk between cementite 
particles, not through the bulk to a boundary during this early stage of tempering [34]. The 
precipitation sequence in this steel is cementite + ε’-carbides → cementite →independent 
coarsening of inter / intra-lath cementite. As coarsening of cementite occurs when tempering 
from 2 hrs to 16 hrs, a continuous hardness decrease is estimated to be approximately 24 HB 
(≈ 24 HV) based on the Hírsch and Humphreys precipitation hardening equation [36], Figure 
16, which is less than the actual hardness decrease (around 40 HV in Figure 17). The 
equation may be under predicting the effect of the change in size and number density of 
carbides on hardness, as the precipitation hardening equation was developed for a uniform 
distribution of a single size distribution of precipitates, whereas the inter-lath and intra-lath 
elliptical cementite in the Base steel are different populations (i.e. different size distributions) 
and are not uniformly distributed (particularly for the inter-lath cementite). 
In the Base-Mo-V and Base-Cr-Mo-V-Si steels, the stable volume fraction for the large 
elliptical cementite is also established during tempering from 2 hrs to 16 hrs, Table 3, where 
the inter-lath cementite also occupies the majority of the cementite volume fraction, Figure 6, 
being consistent with the Base steel. The coarsening of cementite occurs as its size increases, 
Figure 15, where again the coarsening of inter-lath cementite takes place independently from 
that of intra-lath cementite in the two steels. However, the rates of coarsening for the 
elliptical inter- / intra-lath cementite in the three steels differ and rank as Base> Base-Mo-V> 
Base-Cr-Mo-V-Si, Figure 15, due to the different diffusivities of substitutional elements that 
are partitioning into cementite during tempering as well as any effects of Si in the matrix. The 
rate of coarsening for the elliptical cementite in the Base-Mo-V steel is much lower than that 
in the Base steel due to its higher content of alloying elements (Mo and V). Normally, Mo 
has a smaller diffusivity compared to Mn in the ferrite matrix (DMo= 4.2×10-19 m2/s and 
DMn=2.6×10-18 m2/s in ferrite at 600 °C [37]), therefore, the cementite coarsening rate in the 
Base-Mo-V steel is reduced compared to that in the Base steel. In the Base-Cr-Mo-V-Si steel, 
the spheroidisation and coarsening of cementite is even more inhibited with the extra addition 
of Si, where a finer dispersion of cementite is observed in Figure 7 (c) (d). In addition, the 
sizes for the elliptical inter-lath cementite are obviously larger than those for intra-lath 
cementite in the three steels due to faster solute lath/grain boundary diffusion [38, 39], Figure 
15, being consistent with observations made in Fe-0.1C-1.99Mn-1.60Mo steel [22] or Fe-
0.45C-0.22Si-0.62Mn-0.004P-0.0038S steel [20, 21]. As secondary Mo-V-rich carbides are 
observed after tempering for 4 hrs in the Base-Mo-V and Base-Cr-Mo-V-Si steels, hence, the 
precipitation sequence for the two steels is cementite + ε’-carbide → cementite → secondary 
Mo-V-rich (expected to be M2C) carbides + independent coarsening of inter- / intra-lath 
cementite at a lower coarsening rate than the Base steel. Therefore, solute diffusion in the 
Base-Mo-V and Base-Cr-Mo-V-Si steels is either along the lath boundary resulting in 
coarsening of the inter-lath cementite, or through the bulk leading to coarsening of the intra-
lath cementite and formation of secondary Mo-V-rich carbides during the early stage of 
tempering. 
In the Base-Mo-V and Base-Cr-Mo-V-Si steels, the hardness results are approximately the 
same during tempering from 2 hrs to 16 hrs, Figure 17, and remain 100 HV higher than that 
in the Base steel probably due to the existence of the fine carbides (needle-shaped cementite 
or/and secondary alloy carbides). The hardness decrease in the two steels (around 40 HV) is 
similar to that in the Base steel on tempering from 2 hrs to 16 hrs, where coarsening of the 
elliptical cementite in the two steels is estimated to contribute about 17 HB (≈17 HV) to the 
hardness decrease using the Hírsch and Humphreys precipitation hardening equation [36], 
Figure 16. In addition, it is interesting to note that the observation of fine secondary alloy 
carbides (M2C) after 4 hours tempering does not appear to result in any secondary hardening 
peak in the two steels, which is consistent with 0.1C-0.47Mo or 0.35C-0.5Cr steels [40, 41] 
where there is no significant secondary hardening peak present during tempering. This may 
be due to the low level of alloying content used (0.5 wt % Mo) resulting in only a small 
increase in overall number density of fine carbides, Figure 13. 
(a)  
(b)  
Figure 15. Average sizes of the elliptical cementite particles after tempering from 2 hrs to 16 hrs at 600 °C in the 
three steels: (a) length; (b) width. 
 
Figure 16. Predicted (using Hírsch and Humphreys precipitation hardening equation [36]) elliptical inter- / intra-
lath cementite contribution to hardness in the three steels after tempering for 2 hrs and 16 hrs at 600 °C. 
 Figure 17. Hardness variation with time in the three steels during tempering from 2 hrs to 16 hrs at 600 °C. 
Conclusions 
The carbide precipitation and coarsening behaviours related with hardness variation in low 
carbon low alloy Q&T steels have been quantified, where the effect of alloying elements 
(Mo, V, Cr and Si) on the tempering response has been considered during the early stages of 
tempering. It has been determined that coarsening of cementite dominates the behaviour but 
that coarsening of inter-lath and intra-lath cementite occurs independently in the three steels. 
Based on the carbide characterisation and hardness analysis, the main conclusions are: 
(1) Auto-tempering occurs in the three low carbon low alloy Q&T steels during water 
quenching, where cementite and ε’-carbide are both observed. In the Base and Base-Mo-V 
steels, cementite is the predominant as-quenched carbide; however, in the Base-Cr-Mo-V-Si 
steel, ε’-carbide occupies a larger number percentage consistent with the extra addition of Si. 
(2) In the Base steel, only elliptical cementite with chemical composition (FeMn)3C is 
observed within the laths and on the lath/grain boundaries when tempering from 2 hrs to 16 
hrs at 600 °C, during which time coarsening of cementite takes place. The precipitation 
sequence for this steel is cementite + ε’-carbide → cementite → independent coarsening of 
inter- / intra-lath cementite. 
(3) In the Base-Mo-V and Base-Cr-Mo-V-Si steels, relatively large elliptical inter- / intra-lath 
cementite and fine needle-shaped cementite within the laths both exist during tempering from 
2 hrs to 16 hrs at 600 °C. The chemical compositions for cementite in the Base-Mo-V and 
Base-Cr-Mo-V-Si steels are (FeMnMoV)3C and (FeCrMnMoV)3C respectively. Secondary 
Mo-V-rich carbides have been firstly observed after tempering for 4 hrs at 600 °C. The 
precipitation sequence for the two steels is cementite + ε’-carbide → cementite → secondary 
Mo-V-rich (expected to be (MoV)2C) carbides + independent coarsening of inter- / intra-lath 
cementite at a lower coarsening rate than the Base steel. 
(4) In the three steels, coarsening of cementite contributes to the softening process in the 
three steels during tempering. The observation of fine secondary Mo-V-rich carbides after 4 
hours tempering does not appear to result in any secondary hardening peak in the Base-Mo-V 
and Base-Cr-Mo-V-Si steels. 
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